Introduction
At present, with the information technology (IT) development, the popularized small office & home office (SOHO) applications lead to the increase of cooling load in houses, which attracts more attention on energy saving for air conditioning and indoor air quality again.
The conventional air conditioning system for residential houses aims to a uniform room temperature, even those places near the ceiling is cooled, where air conditioning is unnecessary in fact. But the displacement ventilation system supplies cold air, which is only several degrees lower than the setting temperature in rooms, directly to the occupant space from the air inlet near the floor. From the point of view in energy conservation, this system shows great promise. Besides, the pollutants from human will be discharged by the buoyancy effects, and will not be circulated in the occupant space.
In order to verify the effectiveness of the displacement ventilation system for residential house, it has been adopted in the experiment house in Kitakyushu. According to the field experiment in the summer 1) and CFD simulation, the temperature distribution, ventilation effectiveness, and energy consumption for cooling by the displacement ventilation system have been studied.
The Displacement Ventilation System in the Experiment House 2.1 Details of the Proposed System
The air condition system in the experiment house is
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Lei Xu 1 shown in Fig. 1 . The occupant space is under 1.8m above the floor in each room. The cold air at about 18°C, which comes from the thermal storage air-handling unit (AHU) in the machine room, is mixed with the induced room air, and then the mixed air of about 22°C is supplied from the low part of the fan unit. The center of the air outlet is 0.3m above the floor, and the supply air goes directly to the occupant space at a quite low speed. Some of the air at 1.8m in the room is induced into the fan unit, and the other goes back to the AHU as return air, while the exhaust air is discharged from the ceiling. In addition, the louvers inside the outlet can also swing. The detail constructions of this house are shown in Table 1 . A double skin space is to the south of the SOHO room (1F) and the living room (2F), and its outer glazing consists of 8mm clear float with interior light blinds, while the interior glazing consists of 6mm clear float. 
Feature of the Proposed System
As using the displacement system, the smaller temperature difference between supply air and room air will leads to a larger airflow rate. In the proposed system, some of the room air is induced into the fan unit, then it is mixed with the cold air from the AHU before it is flown into the room. And the air inlet of return air is set at the height of 1.8m over the floor, which is cooler than the air near the ceiling.
Field Experiment in the Summer
The field experiment of displacement ventilation was carried out in the SOHO of the experiment house since July 29 to August 3 in 2001. The layout of the Soho is shown in Fig. 2 . The blinds in the double skin were completely shut down during experiment.
The Setting Conditions for Experiment
In order to keep the supply air temperature at 22°C, the air temperature from AHU is set at 18 1°C. The geometrical, thermal and flow boundary conditions of the experiment are detailed in Table 2 .
The Test Points of Experiment 3.2.1. Air Temperature Distribution
T-type thermal couples, together with a data collector are used to record the air temperature. In order to test the air temperature distribution in the occupant space, there are 12 cords in the occupant space (Fig. 2) , and 4 points in the vertical direction with the height of 0.1m, 0.6m, 1.1m and 1.7m
2) , all together there are 48 points to be tested. The air temperatures under and above the ceiling are also measured.
Air Velocity Distribution
Air velocity at the height of 1.1m is measured, and there are 8 points (cord1~cord6, cord10, cord12) in the horizontal surface.
CO 2 Concentration
The CO 2 concentration in the occupant space has also been measured at the height of 0.1m, 1.1m, 1.7m and the places under the ceiling.
4.CFD Simulation
According to the data from the field experiment at 12:00 on August 2, the initial conditions for simulation have been set as shown in Table 3 . The simulation is carried out by using the CFD soft Airpak2.0.
The standard k-epsilon model has been adapted with the turbulent intensity of 35% at the air inlet, while the turbulent length scale is supposed to be 10% of the length of the shortest side of the air inlet.
The distributions of air temperature, velocity, PMV and age of air have been analyzed. 
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The outside air temperature and the sky radiation on the horizontal surface are given in Fig. 3 , which shows that the temperature peak reached to 35.8°C during 12:00 to 14:00.
Temperatures of Interior Surfaces of the Soho
Temperatures of different surfaces in the room are detailed in the Fig. 4 , and the peak temperatures have been reached before the air conditioning system is started. The temperature on the surface of the east wall reaches to 34°C, while the others reach to 30~31°C at 9:30. After the air conditioning system is started, those temperatures go down slowly, and they reach to the balance temperature at about 28°C. On the other hand, the temperature of the south glass reaches its peak 30.8°C during 12:00 to 14:00 because of the strong solar radiation from the south, and it goes down after 15:00. 5 shows temperatures at points of cord 5 (X=2.7m, Y=1.8m). Before air conditioning system is on, the temperature of each point was about 30~31°C and the vertical temperature difference is very small. After air conditioning is started, air temperature falls down. And the temperature distribution becomes stable an hour later. The average temperature from 0.1m to 0.6m is about 25.5°C, 1.1m about 26.5°C and 1.7m about 28°C during 11:00 to 17:00. The air near the ceiling is at about 30°C. Testing points on other cords experienced the same variation as those on cord 5.
The room air temperature goes up slowly after 17:00, because the ice stored in thermal storage AHU has been used up step by step. Fig. 6 shows the temperatures at different heights at 12:00 by simulation, and the temperature profile at Y=1.8m agrees with that of the experiment, especially under the height of 1.2m (Fig. 7) . For example, at the average temperature at 0.1m is 25.2°C, 0.6m 25.9°C, and 1.1m 26.5°C, but above 1.6m, the result of simulation is about 0.5°C higher than the experiment. The reason could be considered that the fixed temperatures of interior surfaces are adopted as the boundary conditions, while the radiation between interior surfaces is neglected in the CFD simulation.
(2) Temperature Gradient
The temperature gradient in the room is shown as :00 or 21:00, as air conditioning is off, there is almost no temperature gradient, and the temperature difference is within 1°C from floor to ceiling. After the air conditioning is started, the temperature difference becomes greater, and about an hour later, i.e. 11:00, the temperature gradient becomes stable. Temperature difference from 0.1m to 1.1m is within 2°C, while the temperature difference is 3°C near the air inlet (within 1m diameter from the air inlet). The comparison of the temperature gradient between experiment and simulation is shown in Fig. 9 , and the simulation has a quite good accuracy.
(3) Air Humidity
The humidity and temperature of air are measured at the height of 1.3m on the fan unit. From 11:30 to 12:30, the average temperature is 24.5°C, and the average humidity 65%, thus to calculate the absolute humidity to be 0.0126kg/kg.
Take absolute humidity as constant, according to temperature distribution, the humidity distribution can be shown as Fig.10 . Humidity in the occupant space is in the range from 50% ~ 60%.
(4) Velocity Distribution
The flow rate of supply air is about 425m 3 /h, with the average velocity of 0.65m/s at the air inlet, and the turbulence intensity in the room can be defined as equation 1 2) . Where, v : the average velocity; v i : velocity of point i; n: point number Fig. 11 shows air velocity of points on cord1, cord 2, cord 4 and cord 5 at the height of 1.1m. Air velocity is below 0.25m/s and turbulence intensity T u is 20%.
Air velocity near ceiling is below 0.2m/s, and it means airflow there is not directly affected by air inlet. below 0.25m/s and turbulence intensity T u is 20%. Air velocity near ceiling is below 0.2m/s, and it means airflow there is not directly affected by air inlet.
PMV Distribution
PMV of measured points can be calculated based on measured data of temperature, humidity, air velocity, human activity and clothing.
Here suppose the metabolic rate is 1.2Met (70W/m 2 ) and the clothing value is 0.5clo, Fig. 12 illustrates the PMV distribution at the section of Y=1.8m of SOHO room at 12:00.
Air Exchange Efficiency 5.4.1. CO 2 Concentration
After the temperature distribution becomes stable, concentration of CO 2 is measured vertically at section of Y=0.45m (Fig. 13) . The concentration of CO 2 is relatively low near the inlet, and rather high near the ceiling. The average concentration in the occupant space is 600ppm, and near ceiling is 800ppm, while the outdoor CO 2 concentration is about 360ppm.
Mean Age of Air
Fig. 14 shows the distribution of local mean age of air t p at the section of Y=1.8m by simulation analysis. The average age of air t in the whole room is about 272s. The nominal time constant 3) (=room volume/supply airflow rate) is 339s, thus the average air exchange efficiency is 1.25.
Energy Consumption of Air Conditioning
According to the heat balance for the room air, the sensible air conditioning load can be calculated by equation 2. ; C eq : the convection ratio in Q eq, 80% 4) . According to measured temperatures and the heat release in Table 2 , the average sensible heat load for air conditioning in summer is about 70 W/m 2 ( Fig. 15) .
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Thermal Comfort
Temperature gradient in the occupant space from the ankle (0.1m high) to the face (for a sitting man is about 1.1m high), is within 2°C/m. According to the standard of ISO7730, temperature gradient is recommended within 3°C/m. From the guidance of SCANVAC state 5) , temperature gradient of 2°C/m will cause 3% dissatisfaction degree. 
